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Introduction
============

α-Herpesviruses are a subfamily of the herpesviruses containing closely related human and animal pathogens, including human herpes simplex virus 1 (HSV-1; cold sores, corneal blindness, and encephalitis) and important animal viruses such as the porcine pseudorabies virus (PRV) and bovine herpesvirus 1 (BoHV-1; respiratory symptoms, abortions, and/or neurological symptoms). Many of the disease symptoms observed after infection with α-herpesviruses are associated with their neurotropic behavior, including their ability to establish lifelong cycles of latency and reactivation in the peripheral nervous system of their host ([@bib40]; [@bib12]). Primary replication of most α-herpesviruses occurs in epithelial cells of the upper respiratory tract. Sensory neurons of the trigeminal ganglion (TG) that innervate these epithelial cells are predominant target cells for HSV-1, PRV, and BoHV-1 ([@bib19]; [@bib1]; [@bib10]).

Entrance of HSV and PRV in the axons of these sensory neurons is thought to be initiated by an interaction of the viral envelope glycoprotein D (gD) with its receptor nectin-1, followed by fusion of the viral envelope with the axolemma, which is mediated by viral proteins gB, gD, gH, and gL ([@bib20]; [@bib29]; [@bib31]; [@bib30]; [@bib44]; [@bib50]). Fusion of the viral envelope with the axolemma is followed by retrograde transport of the capsid and a part of the associated tegument to the cell nucleus by means of microtubule-associated fast axonal transport ([@bib54]; [@bib49]; [@bib28]). After entry of the DNA into the nucleus, either a full replication cycle is initiated, leading to the formation of new virions, or a latent infection is established ([@bib23]). Newly produced virions, during primary infection or after reactivation, are transported in the anterograde direction along the axon, followed by virus release at the axon terminus ([@bib48]; [@bib52], [@bib53]). Recent data indicate that virus egress in axons may not be limited to the axon terminus but also seems to occur at scattered sites along the axon shaft in a manner that remains not fully understood ([@bib53]; [@bib6]; [@bib46]).

Despite the obvious importance of TG neurons as predominant target cells and sites of latency/reactivation events for many α-herpesviruses, a detailed study of the interactions between α-herpesviruses and this pathogenetically important cell type has been hampered by the lack of easy-to-handle, homologous in vitro systems. We recently established such a homologous in vitro two-chamber system, based on the "Campenot" system, to study the interaction between porcine TG neurons and the porcine α-herpesvirus PRV ([@bib2]; [@bib11]). Using this in vitro model, we report that PRV induces, via its gD envelope protein, the formation of presynaptic boutons (varicosities) along the axon shaft of infected TG neurons. Varicosities are swellings along neuronal axons where synaptic vesicles, mitochondria, and ER accumulate ([@bib37]). They are able to form synaptic contacts with contacting nonneuronal cells and other axons ([@bib37]), but they also seem to play an important role in nonsynaptic communication in the nervous system by the release of neurotransmitters directly in the extrasynaptic space ([@bib59]; [@bib56]). We observed that nonneuronal cells aligning the axon shaft of infected TG neurons were frequently infected, and the first infected nonneuronal cells were almost invariably located in close proximity to the varicosities. This suggests that virus-induced varicosities may serve as axon exit sites for the virus to infect neighboring cells.

Results
=======

Induction of varicosities along the axons of PRV-infected porcine TG neurons
----------------------------------------------------------------------------

The two-chamber system to study interactions of PRV with porcine TG neurons is mounted on a coverslip and consists of an inner chamber, in which the neuronal culture (composed of neuronal and nonneuronal cells) is seeded, and an outer chamber, and the two are separated from each other by a virus- and medium-impermeable silicon barrier ([@bib11]). After 2--3 wk of cultivation of trigeminal neurons in the inner chamber, axonal outgrowth through the silicon barrier into the outer chamber was detected by light microscopy. Addition of 2 × 10^6^ plaque-forming units (PFUs) of PRV to the outer chamber resulted in exclusive infection of trigeminal neuronal cell bodies in the inner chamber, as described previously ([@bib11]).

Surprisingly, axons of PRV-infected neurons (24 h after inoculation) showed a massive amount of bouton-like axonal swellings, which were rarely detected on axons of noninfected cell bodies ([Fig. 1 A](#fig1){ref-type="fig"}). Double immunofluorescent stainings using a neuronal cell marker (neurofilament) and a marker for synaptic vesicles (synaptophysin; [Fig. 1 B](#fig1){ref-type="fig"}) confirmed that the swellings are presynaptic boutons, also called varicosities. Labeling of the PRV-induced varicosities with FM1-43, a fluorescent marker for firing neurons, indicated that the synaptic transmission at the varicosities is intact ([Fig. 1 C](#fig1){ref-type="fig"}). Varicosities were formed between 3 and 6 h after inoculation and were observed in \>70% of the axons at both early (6 h after inoculation) and late (24 h after inoculation) stages of infection. In mock-treated cultures, only 12% of the axons showed varicosities ([Fig. 1 D](#fig1){ref-type="fig"}).

![**Induction of varicosities along the axons of PRV-infected porcine TG neurons.** (A) Confocal images of TG neurons in the inner chamber of mock- or PRV-infected two-chamber models at 24 h after inoculation, stained for the neuronal marker neurofilament 68 (Texas red) and PRV antigens (FITC). Arrows point to varicosities. Bar, 20 μm. (B and C) Confocal images of varicosities in the inner chamber of a two-chamber model at 24 h after inoculation with 2 × 10^6^ PFUs of WT-PRV and double stained for neurofilament (Texas red) and the synaptic vesicle marker synaptophysin (FITC; B) or labeled with FM1-43 (C). Bars, 5 μm. (D) Percentage of axons with varicosities in mock-treated or PRV-inoculated two-chamber models (3, 6, and 24 h after inoculation). Data shown represent means ± SEM of triplicate assays. Percentages indicated by the same letter do not significantly differ (α = 0.05).](jcb1740267f01){#fig1}

A PRV strain that lacks the gD envelope protein is unable to induce the formation of varicosities
-------------------------------------------------------------------------------------------------

Varicosities could be induced by UV-inactivated PRV ([Fig. 2 B](#fig2){ref-type="fig"}), indicating that the trigger for varicosity formation occurs early in infection, either during virus attachment or entry, before the onset of viral protein production. To assess whether induction of varicosities involves the virus entry--essential viral envelope proteins gB or gD, isogenic stocks of phenotypically and genotypically gBnull- and gDnull-PRV were prepared. Virus stocks were obtained by inoculating phenotypically complemented gBnull- and gDnull-PRV stocks on noncomplementing swine testicle cells and harvesting the progeny virus from the culture supernatant. SDS-PAGE and Western blotting confirmed that gB and gD were absent from the gBnull- and gDnull-PRV stocks, respectively ([Fig. 2 A](#fig2){ref-type="fig"}). Relative virus particle numbers in the gBnull- and gDnull-PRV stocks were determined as described previously ([@bib41]; [@bib5]), by comparing the amount of gB and gD in the deleted stocks and in serial dilutions of wild-type (WT)--PRV stock by optical densitometry after Western blotting, as described in Materials and methods.

![**A PRV strain that lacks the gD envelope protein is unable to induce the formation of varicosities.** (A) Western blots of equal volumes of a serial dilution of a WT-PRV stock with known titer (PFU/ml) and gBnull- and gDnull-PRV stocks, developed with anti-gB antibodies (blot A) or anti-gD antibodies (blot B). (B) Percentage of axons with varicosities 24 h after inoculation of two-chamber models with an amount of UV-inactivated WT-PRV, gBnull-PRV, gDnull-PRV, or WT-PRV particles equivalent to 2 × 10^6^ PFUs of WT-PRV. Data shown represent means ± SEM of triplicate assays. Percentages indicated by the same letter do not significantly differ (α = 0.05).](jcb1740267f02){#fig2}

Virus quantities of gBnull- and gDnull-PRV corresponding to the amount of particles present in 2 × 10^6^ PFUs of WT-PRV were added to the outer chamber of the two-chamber system, and the percentages of axons displaying varicosities were determined at 24 h after inoculation. Varicosity induction by the gBnull virus was comparable to that of WT-PRV (68 vs. 72%, respectively; [Fig. 2 B](#fig2){ref-type="fig"}). However, when axons were inoculated with the gDnull virus, the percentage of axons with varicosities was comparable to that of the mock-treated control (14 vs. 12%, respectively). As expected, neither null virus induced infection of the TG neurons, as neither was able to enter the cells (unpublished data). To exclude the possibility that the lack of synapse induction by the gDnull virus was due to an insufficient amount of virus added, the experiment was repeated with 10-fold more gDnull virus, and similar results were obtained (unpublished data). In conclusion, a gDnull-PRV strain is unable to induce the formation of varicosities, suggesting that virion gD triggers this process.

Recombinant PRV-gD protein and nectin-1--specific antibodies induce the formation of varicosities
-------------------------------------------------------------------------------------------------

To address whether gD alone could induce varicosities, various concentrations of a truncated, soluble form of PRV-gD (PRV-gDt; [@bib9]) were added to the outer chamber of the in vitro model and incubated with the axons for 24 h, followed by neurofilament staining and quantification of the number of axons that showed varicosities. Incubation resulted in a dose-dependent increase in the number of axons carrying varicosities ([Fig. 3 A](#fig3){ref-type="fig"}). The addition of 5 μg PRV-gDt/ml or more resulted in 60--70% axons with varicosities ([Fig. 3 A](#fig3){ref-type="fig"}), which is comparable to the percentages observed by the addition of WT-PRV.

![**Recombinant gD protein and nectin-1--specific antibodies induce formation of varicosities in TG neurons.** Percentage of axons with varicosities in mock-treated two-chamber models or at 24 h after addition of recombinant soluble PRV-gD (0.001--10 μg/ml; A), a nectin-1--specific antibody (0.1--100 μg/ml CK6) or an isotype-matched control antibody (100 μg/ml 13D12; B) to the outer chamber of two-chamber systems. Data shown represent means ± SEM of triplicate assays. Percentages indicated by the same letter do not significantly differ (α = 0.05).](jcb1740267f03){#fig3}

Entry of α-herpesviruses, like HSV-1 or PRV, into sensory neurons is believed to be mediated by interaction of viral envelope protein gD with nectin-1 ([@bib20]; [@bib29]; [@bib31]; [@bib44]). Therefore, we hypothesized that gD-mediated induction of varicosities results from an interaction with nectin-1. To test this hypothesis, we determined whether addition of various concentrations of an antibody that binds the ectodomain of nectin-1 (CK6; Krummenacher et al., 2000) was also able to trigger varicosity formation. As with soluble gD, a 24-h incubation period with monoclonal anti--nectin-1 antibody in the outer chamber again resulted in a clear dose-dependent response. For antibody CK6, 100 μg/ml caused varicosities to form on 70% of the axons ([Fig. 3 B](#fig3){ref-type="fig"}), again similar to the percentage observed by addition of WT-PRV. The addition of 100 μg/ml of CK41, a monoclonal antibody directed against another epitope on the ectodomain of nectin-1, also resulted in induction of varicosity formation (unpublished data). The addition of 100 μg/ml of an isotype-matched control IgG1 antibody (13D12) did not result in an increase in the percentage of axons with varicosities compared with mock-treated two-chamber systems. In conclusion, addition of recombinant gD or anti--nectin-1 antibodies to the axons of TG neurons is sufficient to induce the formation of varicosities.

Cdc42 Rho GTPase and p38 MAPK signaling pathways are involved in α-herpesvirus--induced varicosity formation
------------------------------------------------------------------------------------------------------------

Nectin-1 has been shown to signal via small Rho GTPase signaling pathways in MDCK and L cells ([@bib15], [@bib16]). In addition, Cdc42 Rho GTPase and MAPK signaling pathways have been suggested to be involved in varicosity formation ([@bib21]; [@bib35]; [@bib55]). Therefore, to determine which signaling pathways may be involved in PRV-induced varicosity formation, the effect of inhibitors of different signaling pathways (Rho GTPase and MAPK signaling pathways) were tested for their effect on PRV-induced varicosity formation. A broad-range inhibitor of small Rho GTPase signaling (50 ng/ml *Clostridium difficile* toxin B) as well as specific inhibitors of Rho (30 μM Y27632), Rac1 (100 μM Rac1 inhibitor), or Cdc42 (2 μM secramine A) signaling were used. The role of MAPK signaling was examined by using inhibitors for extracellular signal--regulated kinase (ERK) signaling (10 μM U0126), JNK signaling (20 μM JNK inhibitor II), and p38 signaling (20 μM SB203580). General inhibition of small Rho GTPase signaling as well as specific inhibition of Cdc42 signaling suppressed varicosity formation to a level that was not significantly different from mock-infected cultures, whereas specific inhibition of Rho or Rac1 signaling had no obvious effect ([Fig. 4 A](#fig4){ref-type="fig"}). Inhibition of p38 MAPK signaling also resulted in a strong reduction of varicosity formation, in contrast to inhibition of ERK or JNK MAPK signaling ([Fig. 4 B](#fig4){ref-type="fig"}). These data suggest that PRV activates varicosity formation via signaling pathways dependent on Rho GTPase (in particular Cdc42) and MAPK (in particular p38).

![**Cdc42 Rho GTPase and p38 MAPK signaling pathways are involved in α-herpesvirus--induced varicosity formation.** Percentage of axons with varicosities in mock-treated two-chamber models or at 16 h after incubation with an amount of UV-inactivated PRV particles equivalent to 2 × 10^6^ PFUs of WT-PRV, in the presence of inhibitors directed against (A) small Rho GTPases (*C. difficile* toxin B), Rho (Y27632), Rac1 (Rac1 inhibitor), or Cdc42 (secramine A) or (B) ERK (U0126), JNK (JNK inhibitor II), or p38 MAPK signaling (SB203580). Data shown represent means ± SEM of triplicate assays. Percentages indicated by the same letter do not significantly differ (α = 0.05).](jcb1740267f04){#fig4}

PRV-gD--induced varicosities serve as axonal exit sites for PRV
---------------------------------------------------------------

The inner chamber of the TG cultures does not consist solely of TG neurons but also contains many nonneuronal cells, which form a monolayer in the inner chamber, in which the TG neurons are dispersed. When the inner chamber of TG neuronal cultures was stained for PRV antigens at 24 h (or later) after inoculation with WT-PRV in the outer chamber, viral antigen--positive nonneuronal cells were observed aligning the axons of PRV-infected TG neurons. Interestingly, single-infected nonneuronal cells were almost invariably (88%) juxtaposed to varicosities ([Fig. 5](#fig5){ref-type="fig"}). Spread of PRV from varicosities to neighboring nonneuronal cells could not be blocked by neutralizing antibodies (unpublished data), indicating that it occurs via direct cell--cell spread. These data indicate that egress of infectious virus along the axon shaft occurs specifically at varicosities.

![**Varicosities serve as axonal exit sites for PRV.** (A) Confocal images of TG neuronal cultures in the inner chamber of PRV-infected two-chamber systems at 24 h after inoculation and stained for neurofilament 68 (Texas red), PRV antigens (FITC), and nuclei (Hoechst 33342). Arrows point to varicosities. Bars, 5 μm. (B) Graph shows the percentage of single-infected cells that are juxtaposed to varicosities, calculated compared with the total number of single-infected cells. Data shown represent means ± SEM of four assays.](jcb1740267f05){#fig5}

Discussion
==========

The neurotropic behavior of α-herpesviruses is of crucial importance for the pathogenicity of these viruses, allowing them to establish lifelong latency and cause central nervous disorders, encephalitis, and recurrent disease. Neurons of the TG represent crucial target neurons for many α-herpesviruses, including HSV-1, PRV, and BoHV-1. The exact cell biology underlying the interactions of α-herpesviruses with neurons, especially TG neurons, remains far from fully understood. Here, we used an in vitro model to study the interaction of an α-herpesvirus (PRV) with TG neurons of its corresponding host (the pig). We report a novel aspect of the cell biology of α-herpesvirus interaction with TG neurons. We found that the interaction of PRV with axons of porcine TG neurons triggers the formation of synaptic boutons (varicosities) along the axons of these neurons. To our knowledge, this is the first paper reporting that a virus infection stimulates the formation of varicosities. In addition, we show that the viral envelope protein gD is responsible for the induction of varicosities, probably via an interaction with the entry receptor nectin-1 or nectin-like molecules; that Cdc42 Rho GTPase and p38 MAPK signaling pathways are involved; and that virus egress along the axon shaft of infected TG neurons occurs frequently and specifically at these varicosities. These observations open the intriguing possibility that the virus has evolved a strategy to facilitate spread of progeny virus from TG neurons by inducing varicosities at the time of virus attachment and entry in axons.

An important question is how exactly PRV induces the formation of varicosities in porcine TG neurons. We found that addition of UV-inactivated PRV (which is able to adhere to and penetrate cells but does not start up viral gene expression) or a strain of PRV that lacks the envelope protein gB (which is able to adhere to but not penetrate cells) to the axons of TG neurons still resulted in varicosity formation. This shows that varicosity formation is triggered during virus attachment to the axons and does not require infection. Interestingly, a PRV strain that lacks gD in its envelope (which is also able to adhere to but not penetrate cells) did not induce varicosities, demonstrating an involvement of gD in this process. Moreover, addition of recombinant soluble gD to the axons of TG neurons was sufficient to trigger varicosity formation. Together, these data indicate that interaction of PRV envelope protein gD with axons of TG neurons during virus attachment provides the trigger necessary for subsequent formation of varicosities.

How does the interaction of gD with the surface of axons lead to varicosity formation? Three classes of receptors for α-herpesvirus gD proteins have been described to date: one belongs to the tumor necrosis factor receptor family (i.e., herpes virus entry mediator), another class belongs to the immunoglobulin superfamily (including nectin-1 and -2), and another type of receptor consists of modified heparan sulfate ([@bib33]; [@bib7]; [@bib18]; [@bib57]; [@bib47]; [@bib50]). Nectin-1 has been suggested to serve as the gD receptor on sensory neurons (like TG neurons) for both HSV and PRV (Haarr et al., 2001; [@bib29]; [@bib31]; [@bib44]). Nectins are cell adhesion molecules that play important roles in the formation of many types of cell--cell junctions, including synapses ([@bib51]). We found that, for both of two different nectin-1--specific antibodies, addition to the axons of TG neurons (as a surrogate ligand for nectin-1 instead of gD) resulted in the formation of varicosities. This suggests that the interaction between gD and nectin-1 on the axons of TG neurons provides the trigger that ultimately culminates in the formation of varicosities. This would be consistent with observations made by [@bib32], who showed that stimulation of nectin-1 in mouse hippocampus neurons resulted in a substantial increase in the number of synaptophysin-positive varicosities. However, at present, we cannot rule out the possibility that other nectins or nectin-like molecules, in addition to or instead of nectin-1 might be relevant to the gD-mediated induction of varicosities. Porcine nectin-1 is thus far the only porcine entry receptor that has been reported for PRV ([@bib31]), but different human forms of the nectin family, like nectin-1, nectin-2, and necl-5 (poliovirus receptor), have been reported to be gD-binding entry receptors for PRV ([@bib18], [@bib9]).

In addition to a crucial role of the interaction between gD and nectin-1 and/or other members of the nectin family for the PRV-induced formation of varicosities, we also found that Cdc42 Rho GTPase as well as p38 MAPK signaling pathways are involved. Inhibition of these signaling pathways strongly suppressed PRV-induced varicosity formation. These data are consistent with recent indications that the Cdc42 (but not Rho or Rac) signaling pathway is involved in serotonin-induced varicosity formation in sensory neurons ([@bib55]) and that MAPK signaling pathways, such as p38, may play important roles during development of varicosities ([@bib21]; [@bib35]). Further in line with our current observations, it has been reported that nectin-1 may signal through Rho GTPase pathways, such as Cdc42 and Rac, in MDCK and L cells ([@bib15], [@bib16]). Our current findings that an α-herpesvirus, via its envelope gD, stimulates formation of synaptophysin-positive varicosities and that this process involves Cdc42 and p38 MAPK signaling may, therefore, constitute a valuable tool to further dissect the underlying molecular mechanisms of varicosity formation and the role of nectin-1 and other nectin-like molecules herein.

α-Herpesviruses have evolved different strategies to modulate the host cell to facilitate virus spread, such as gE-mediated targeting of virus particles to cell junctions for spread in polarized cells ([@bib8]; [@bib58]) and intercellular virus spread via US3-induced actin rearrangements and cell projections ([@bib13]). Although future in vivo experiments will be required to fully delineate the consequences of our current findings for α-herpesvirus pathogenesis, we propose that induction of axonal varicosities by PRV early in infection of TG neurons may be part of the viral strategy to later promote efficient spread.

Varicosity-mediated spread may lead to egress of α-herpesviruses along the axon shaft but may also enhance spread of the virus to mucosal surfaces, a crucial step in α-herpesvirus pathogenesis. Trigeminal sensory nerve fibers may extend beyond the basement membrane to nearly reach the epithelial surface ([@bib14]). These intraepithelial terminal regions of the axon have penetrated the basement membrane and lost their myelin sheath and are prone to varicosity formation. Strings of varicosities have been reported to occur in these intraepithelial terminal areas of the TG axons in vivo ([@bib26], [@bib22]).

The exact function of α-herpesvirus egress along the entire length of axon shafts is not understood, but PRV egress along axons shafts has clearly been demonstrated in vivo in rats and was found to occur via direct cell--cell spread, which is in line with our current findings ([@bib53]). Interestingly, this axonal egress in vivo as well as in vitro was found to occur at scattered sites ([@bib53]; [@bib6]). Given our current finding that axonal egress almost exclusively occurs at varicosities, we hypothesize that these scattered sites may correspond to varicosities. In further support of this, a recent paper suggests that axonal egress of HSV-1 occurs via varicosities in human fetal dorsal root ganglia neurons in vitro ([@bib46]). Transport of progeny herpesvirus particles in the axon is believed to either occur via secretory vesicles containing fully matured virions or as subvirion particles, where capsids and envelope proteins are transported separately and only assemble into mature virions at synapses ([@bib53]). In our opinion, both scenarios can lead to specific axonal egress at varicosities, as these structures have been shown to accumulate secretory vesicles and may also constitute functional synapses ([@bib45]).

Virus-induced varicosities endured for at least several days (\>72 h; unpublished data). It remains to be determined whether and when they disappear after the initial infection. Although speculative at this time, it is possible that the virus is able to reinduce varicosities over and over again when needed during latency/reactivation cycles. Reactivations can lead to production and release of infectious virus, which in turn may attach to and enter new TG neurons, thereby inducing varicosity formation and further promoting virus spread.

It is possible that virus-induced formation of varicosities has consequences beyond virus spread. At least a subpopulation of synaptophysin-positive varicosities function as sites for neurotransmitter release along the axon of different types of neurons ([@bib25]; [@bib39]; [@bib34]). In line with this, we found that the virus-induced varicosities stain positive for FM1-43, characteristic of intact synaptic transmission. Synaptic transmission was also intact in varicosities induced by UV-inactivated PRV or recombinant gD of PRV (unpublished data). In this context, it is interesting to note that α-herpesvirus infections have been associated with hyperexcitability of neurons, possibly involved in acquired epilepsy after HSV encephalitis ([@bib4]). Future investigations will be designed to further unravel whether the PRV-induced formation of synaptically effective varicosities lead to changes in excitability of neurons.

In conclusion, we have found that entry of an α-herpesvirus in neurons of the TG of its natural host is associated with the induction of synaptic varicosities along the axons. Virus-induced varicosity induction depends on viral envelope protein gD and on Cdc42 Rho GTPase and p38 MAPK signaling pathways, and the virus uses the varicosities as axonal egress sites to spread to neighboring cells.

Materials and methods
=====================

Viruses and cells
-----------------

WT-PRV strain Becker, WT-PRV strain Kaplan, and isogenic deletion mutants gBnull and gDnull were used ([@bib24]; [@bib3]; [@bib42]; [@bib43]). Stocks of phenotypically complemented gBnull and gDnull viruses were grown on gB- and gD-complementing cell lines. Stocks of phenotypically and genotypically gBnull and gDnull viruses were produced by a single round of infection of phenotypically complemented gBnull and gDnull viruses on noncomplementing swine testicle cells and harvesting the progeny virus from the supernatant.

Antibodies, proteins, and inhibitors
------------------------------------

Monoclonal mouse anti-gB (1C11) and anti-gD (13D12) antibodies and polyclonal porcine FITC-labeled anti-PRV antibodies were produced as previously described ([@bib36]). The monoclonal neuronal markers mouse anti--neurofilament 68 and rabbit anti--neurofilament 200 and the monoclonal synapse marker mouse anti-synaptophysin were purchased from Sigma-Aldrich. FITC- and Texas red--labeled goat anti--mouse antibodies and Texas red--labeled goat anti--rabbit antibodies were obtained from Invitrogen. Biotinylated sheep anti--mouse IgG and a streptavidin-biotinylated horseradish peroxidase complex were purchased from GE Healthcare. Inhibitors *C. difficile* toxin B, Y27632, Rac1 inhibitor (NSC23766), U0126, SB203580, and JNK inhibitor II were obtained from Calbiochem. Secramine A was used as a specific inhibitor for Cdc42, as described previously ([@bib38]). PRV-gDt ([@bib9]) and two monoclonal mouse anti--human antibodies directed against different epitopes on the ectodomain of nectin-1 (CK6 and CK41; [@bib27]) were used.

Quantification of gBnull- and gDnull-PRV stocks
-----------------------------------------------

The number of virus particles in the gBnull and gDnull stock was estimated by optical densitometry, as described previously ([@bib41]; [@bib5]). Equal volumes of a serial dilution of a WT-PRV stock with a known titer and of stocks of the genotypically and phenotypically gBnull- and gDnull-PRV strains were subjected to SDS-PAGE under nonreducing conditions and Western blotting, followed by detection of gB or gD using monoclonal gB- and gD-specific antibodies, biotinylated secondary sheep anti--mouse antibodies, streptavidin-biotinylated horseradish peroxidase complex, and 3,3′-diaminobenzidine (Sigma-Aldrich) for gB or enhanced chemiluminescence (ECL Western blotting analysis system; GE Healthcare) for gD. All antibodies were diluted in PBS with 0.1% Tween-20 (Sigma-Aldrich), and blots were washed three times in PBS with 0.1% Tween-20 in between different antibody incubations and after the final antibody incubation. Relative amounts of gB and gD in the gDnull and gBnull stock, respectively, were compared with the amount of gB and gD present in the WT stocks using Quantity One 1-D analysis software (Bio-Rad Laboratories).

Immunofluorescence staining procedures
--------------------------------------

After being washed in PBS, neuronal cultures in the inner and outer chamber of the two-chamber model were fixed in 100% methanol for 20 min at −20°C, except for cultures that were labeled for synaptophysin, which were fixed using 4% paraformaldehyde in PBS for 10 min and subsequently permeabilized in 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 2 min. All antibodies were diluted in PBS to 1:100. Cells were incubated with each antibody for 1 h at 37°C and were washed two times in PBS in between all incubation steps and after the last incubation step. When necessary, nuclei were stained using 10 μg/ml Hoechst 33342 (Invitrogen) for 10 min before the final washing steps.

Cultivation, inoculation, and analysis of primary TG neuronal cultures in a two-chamber model
---------------------------------------------------------------------------------------------

Porcine TG neurons were obtained as described previously ([@bib17]) and seeded in an in vitro model based on the "Campenot" system ([@bib2]), which allows simulation of the in vivo route of neuronal infection ([@bib11]). In brief, porcine TG were excised from 4--6-wk-old piglets and dissociated by enzymatic digestion with 0.2% collagenase A (Roche). The harvested cells were resuspended in culture medium (basic culture medium without glutamine) and supplemented with 30 ng/ml nerve growth factor (Sigma-Aldrich) and seeded in the inner chamber of an in vitro two-chamber model. The two-chamber system consists of a polyallomer tube that is fixed with silicon grease on a collagen-coated cover glass inserted in a 6-well plate (Nunc). The inside of the tube forms the inner chamber, and the outside forms the outer chamber. The silicon barrier prevents diffusion of medium or virus from one chamber to the other ([@bib11]). 1 d after seeding, cultures were washed with RPMI (Invitrogen) to remove nonadherent cells and, from then on, culture medium was changed three times a week.

After 2--3 wk of cultivation, when clear axon growth could be observed in the outer chamber, the outer chamber was inoculated with 2 × 10^6^ PFUs of WT-PRV or with an equivalent number of UV-inactivated, gBnull- or gDnull-PRV particles. In some experiments, the outer chamber was incubated with soluble PRV-gD (ranging from 0.001 to 10 μg/ml), with antibodies directed against nectin-1 (CK6, ranging from 0.1 to 100 μg/ml, or CK41, 100 μg/ml) or with an isotype-matched (IgG1) control antibody directed to the viral envelope gD (100 μg/ml 13D12; [@bib36]; [@bib27]).

The percentage of axons showing varicosities after different treatments was determined by fluorescent labeling using anti-neurofilament antibodies and examination of 30 axons with outgrowth in the outer chamber of different two-chamber models for the presence of multiple (\>5/250 μm axon) swellings that were at least 1.5 times the diameter of the axon. Data shown represent means ± SEM of triplicate assays.

FM1-43--labeling procedure
--------------------------

The firing capacity of the induced varicosities was determined by loading the neurons with FM1-43 (Invitrogen), basically as described before ([@bib32]). After 2--3 wk in culture, the outer chamber was treated for 24 h with 2 × 10^6^ PFUs of WT-PRV, an equivalent number of UV-inactivated PRV particles, or 10 μg/ml soluble PRV-gD. Then, the inner chamber was washed with Hanks\' balanced salt solution supplemented with 100 mM KCl and 1.5 mM CaCl~2~ for 1 min. The neurons were incubated with culture medium containing 100 mM KCl and 20 μM FM1-43 for 10 min. After being washed with Hanks\' balanced salt solution for 15 min, cultures were mounted on coverslips without fixation and examined by confocal microscopy.

Inhibitor studies
-----------------

To examine the effect of different inhibitors on varicosity formation, both the inner and outer chamber of the two-chamber system were pretreated with culture medium supplemented with the respective inhibitor for 2 h. Afterward, the outer chamber was incubated with UV-inactivated PRV particles equivalent to 2 × 10^6^ PFUs of WT-PRV in the presence of the inhibitor. After an incubation period of 16 h, the two-chamber system was methanol fixed and stained, and the percentage of axons showing varicosities was determined as described (see Cultivation, inoculation, and analysis...).

Quantification of single-infected cells juxtaposed to varicosities
------------------------------------------------------------------

Single-infected cells were scored as juxtaposed to a varicosity when the signal of the viral antigens (FITC signal) contacted the varicosity (Texas red signal), as seen in two-chamber models fixed at 24 h after inoculation with 2 × 10^6^ PFUs of WT-PRV and stained with polyclonal FITC-labeled anti-PRV antibodies and the neuronal cell marker anti--neurofilament 68 (Texas red). 50 single-infected cells were analyzed, and data shown represent the mean ± SEM of four assays.

Confocal microscopy
-------------------

Stainings were analyzed on a laser-scanning spectrum confocal system (TCS SP2; Leica Microsystems GmbH) linked to a microscope (DM IRBE; Leica Microsystems GmbH). Images were taken using a 63× oil objective (NA 1.40--0.60) at room temperature and using confocal acquisition software (Leica Microsystems GmbH). Adjustments of brightness and contrast were applied to the entire images and were done using Photoshop (Adobe).

Statistics
----------

The mean percentages of axons displaying varicosities after the different treatments were compared with an analysis of variance and a least significant difference post hoc test for a multiple comparison of means (α = 0.05).
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